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Abstract
Wafer-level, thermocompression bonding is a promising technique for
microelectromechanical systems (MEMS) packaging. The process is a form of solid-state
joining and requires the simultaneous application of temperature and pressure to wafers
patterned with metallic thin films in order to bring the mating surfaces into atomic
proximity. The quality of the resulting bond is critically dependent on the interaction
between flatness deviations that range from wafer bow to surface roughness, the thin film
properties and the process parameters and tooling used to achieve the bonds. Hitherto
there has been limited modeling applied to understand the relative contributions of these
effects.
This thesis addresses the above issue through the development of a mechanics-based
framework that allows the effect of flatness deviations to be assessed for typical
geometries and process conditions. The strain energy release rate associated with the
elastic deformation required to overcome wafer bow is calculated. A contact yield
criterion is used to examine the pressure and temperature conditions required to flatten
surface roughness asperities in order to achieve bonding over the full apparent area. The
results are compared to experimental data of bond yield and toughness obtained from
four-point bend delamination testing, microscopic observations and measurements on the
fractured surfaces.
Conclusions from the modeling and experiments indicate that wafer bow has
negligible effect on determining the variability of bond quality and that the well-bonded
area is increased with increasing bonding pressure. The enhanced understanding of the
underlying deformation mechanisms allows for a better controlled trade-off between the
bonding pressure and temperature.
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Chapter 1
Introduction
1.1 Motivation: Wafer-Level Thermocompression Bonding
Microelectromechanical systems (MEMS) packaging which includes assembly and
testing has been identified to be the single most challenging and critical process in
successful MEMS design and commercialization [1, 2, 3]. While in the integrated circuit
(IC) industry, electronic packaging must provide reliable interconnections, MEMS
packaging must account for a far more complex and diverse set of requirements. For
instance, devices such as pressure sensors may require functionality in harsh
environments with severe variations of temperature or while contacting corrosive media;
other systems such as microfluidic devices pose much more stringent operational
requirements, where a vacuum packaging is often a necessity [3]. As a consequence of
these diverse requirements, standards for MEMS packaging are lacking and the
packaging cost is responsible for a large fraction of the total production cost, reaching up
to 95% [1, 4].
Wafer-level bonding offers an attractive option for MEMS packaging, as the cost of
the process is distributed over the total number of devices on the wafer and at the same
time, a controlled and protective environment is created, as illustrated in the schematic of
Fig. 1-1. Among the available wafer bonding methods, the most prominent is direct
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(a)
Figure 1-1: Conventional die-level bonding process flow (a) as compared to wafer-level
bonding approach (b).
bonding. Other, low temperature methods, such as anodic and eutectic bonding may offer
advantages in some respects since diffusion in previously fabricated components is
minimized, but these also have certain limitations. Gold thermocompression bonding is
an alternative thin film, wafer-level joining technique, which may be performed at even
lower temperatures than anodic and direct bonding and is particularly attractive since it
does not involve a liquid phase or the application of high voltages. Moreover, its
widespread use in die-bonding together with some highly desirable properties of gold,
such as oxidation resistance and electrical conductivity, make gold thermocompression
bonding a very promising technique for MEMS packaging [5]. This process is a form of
solid-state joining and requires the simultaneous application of temperature and pressure
to wafers patterned with metallic thin films in order to bring the mating surfaces into
atomic proximity. The quality of the resulting bond is critically dependent on the
interaction between flatness deviations that range from wafer bow to surface roughness,
the thin film properties and the process parameters used to achieve the bonds. Hitherto
there has been limited modeling applied to understand the relative contributions of these
effects.
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The feasibility of wafer - level, gold - gold thermocompression bonding, at relatively
low temperature and pressure has been initially demonstrated by Tsau et al. [6]. In
subsequent work [7], which is described in detail in section 2.2 of this thesis, Tsau
performed a systematic characterization of this process for the effects of applied
temperature, pressure and time. High bond toughness was obtained and the bond quality
was found to improve with increases in the bond temperature and pressure. Nevertheless,
large scatter in the bond toughness was found as plasticity was introduced into the
system. Additional factors, not examined in that study, such as wafer bow and surface
roughness were thought to cause the observed bond quality variability [7]. This
variability has to be addressed to achieve the yield and repeatability standards required in
manufacturing environments. Also, an enhanced understanding of the underlying
mechanisms is necessary to allow for a controlled trade-off between the bonding pressure
and temperature.
1.2 Objectives
The primary goal of this thesis is to investigate the effects of flatness deviations (wafer
topography) on the resulting thermocompression bond quality. The two principal flatness
deviations of concern in the current work are: 1) the overall wafer shape or bow and 2)
the local surface roughness. This goal will be accomplished by modeling the deformation
required to accommodate wafer topography and establish material continuity. Thus, the
main objectives of this thesis are:
1) To identify the dominant deformation mechanisms that accommodate wafer
topography with respect to the reference length scale and the typical process
conditions.
2) To develop an analytical framework that allows the effect of wafer topography to
be assessed for typical geometries and process conditions.
15
3) To complement modeling with experiments and microscopic observations in
order to validate the suggested framework as well as to assess the relative
contribution of the factors under examination.
1.3 Outline of the Thesis
This thesis addresses the objectives described in Section 1.2 and is organized into six
chapters. Chapter 2 begins with a discussion of some fundamental aspects of solid-state
joining and continues with a review of the previous studies on thermocompression
bonding. Chapter 3 examines the wafer topography effects through the development of an
analytical framework. Specifically, an interface fracture mechanics and a contact yield
criterion are implemented to allow wafer bow and surface roughness effects to be
assessed, respectively. Chapter 4 discusses the experimental approach which was used
and also provides some theoretical background on the mechanical testing as well as the
testing procedures. Chapter 5 reports and discusses the results of the current study on the
effects of the wafer topography. Chapter 6 summarizes the thesis conclusions from the
modeling and experiments and also provides suggestions for future work.
16
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Chapter 2
Background
This chapter begins with a review of the fundamental aspects of solid-state joining: the
bonding mechanism in its broadest context and the role of the process parameters with
respect to the most notable process variations. Then, the discussion is focused on the
thermocompression bonding technique and its application at the wafer-level. A review of
the relevant literature and an assessment of the parameters believed to have an impact on
the resulting bond are provided. This chapter concludes with the identification of the
factors believed to contribute to bond quality variability which are investigated in the
current thesis.
2.1 Aspects of Solid State Joining
2.1.1 Fundamentals of Bonding Mechanisms
In its broadest context, welding (bonding) is a process in which materials are brought
together and caused to join through the formation of primary (and occasionally,
secondary) chemical bonds, under the combined action of heat and pressure [8].
Thus, the key point is achieving material continuity by accommodating any physical
disruption on an atomic scale in order to form chemical bonds. Given the context of the
18
current study, we will focus on the mechanisms for obtaining continuity between
crystalline materials and metals, in particular. According to Granjon [9], there are three
distinctive mechanisms by which this can be accomplished: 1) solid-phase plastic
deformation, 2) diffusion and 3) melting and solidification. Through the application of
the first mechanism, atoms comprising two pieces of crystalline metal can be brought
together sufficiently close to ensure that bonds are established at their equilibrium
spacing as the result of mutual attraction. On the other hand, extraneous atoms from
contaminants (oxide, adsorbed gases etc) have to be excluded, by employing plastic
deformation in the solid phase, with or without heat [10]. The second mechanism
(diffusion) involves the transport of mass from one piece to another across an interface
through atom movement and the third class of mechanisms involves gross mass and atom
transport (via melting) as well as flow and microscopic transport (via solidification). The
preceding three mechanisms contribute separately or in combination to the establishment
of material continuity in every bonding process. All processes, in which bonds are
obtained from solid-state contact between the materials, without melting, are called solid-
state (non-fusion) bonding processes.
2.1.2 Solid -State Bonding and Processes Parameters
In solid state bonding, continuity is achieved by either plastic deformation or solid-
state diffusion, under the simultaneous application of heat and pressure. The relative
amounts of heat and pressure necessary to create bonds may vary from one extreme to the
other. Very high heat and little or no pressure can produce bonds by relying on the high
rate of diffusion at elevated temperatures (as in diffusion bonding). Little or no heat with
very high pressures can produce bonds by forcing atoms together by plastic deformation
on either the macroscopic scale (as in pressure welding) or on the microscopic scale (as
in friction welding). Furthermore, when ceramics have to be bonded together or to
metals, it is a common practice to introduce a metal interlayer between the components.
This metal or alloy should be ductile and those used in practice are usually Al, Cu, Ag,
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Au, Ni, Ti and Ni-Cr alloys [11]. The four most notable variations of solid-state (non-
fusion) bonding process are: 1) pressure welding 2) roll bonding, 3) diffusion welding
(bonding) and 4) hot isostatic pressing (HIP). While there are some differences regarding
the procedure followed in these variations, the same underlying mechanism is relevant in
all of them and may be illustrated by a three-step mechanistic model [12] shown
schematically in Fig. 2-1. This process sequence consists of: (1) interface bond
formation, (2) bond extension and (3) the subsequent shrinkage of the isolated pores
(voids) that completes the bonding process.
Among the earlier described process variations, conventional diffusion welding
(bonding) and hot isostatic pressing processes are accomplished at a temperature of at
least 0.6 TM up to 0.9 TM, where TM is the metal melting temperature in Kelvin, and
are based on the diffusion capacity of materials [10, 11]. Among the critical process
(a) (b)
0
(c) (d)
Figure 2-1 (After R.L. O' Brien, [12]): Schematic of a three-step mechanistic model for
the generic diffusion bonding process: (a) initial contact, (b) interface bond formation /
misfit accommodation, (c) bond extension / pore elimination and (d) bonding complete.
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parameters of temperature, pressure and time, temperature is by far the most important,
provided there is enough pressure to cause contact between the mating surfaces. The
reason for this critical dependence is that diffusion is controlled by an Arrhenius
relationship with an exponential dependence on temperature. The use of diffusion
bonding in this temperature regime in conjunction with superplastic forming of Ti alloys
is considered as one of the most attractive solutions for the manufacture of complex
structures and weight reduction in military aircraft [ 11].
On the other hand, there are variations of the basic process, such as deformation
diffusion bonding and the cold (or warm) isostatic pressing which are accomplished with
higher pressures and at much lower temperatures (T < 0.4 TM ). In such cases the plastic
deformation caused by the application of pressure is the principal deformation
mechanism but the increased temperature allows the pressure requirement to be relaxed
[10, 13]. Isostatic pressing, under various combinations of high pressure and temperature,
has been extensively used for solid-state forming purposes and specifically for the
compaction and/or sintering of fine powders [14], as well as the consolidation of metallic
powders and metal matrix composites (MMC) [15].
2.2 Gold Thermocompression Bonding
2.2.1 Introduction
Thermocompression bonding is a form of solid-state joining that requires the
simultaneous application of temperature and pressure in order to bring the mating
surfaces into atomic proximity to form bonds. This joining technique is a variation of the
generic diffusion bonding process and is essentially identical to the deformation diffusion
bonding technique described in the previous section. Thermocompression has been a
standard, die-level, packaging technique in microelectronics fabrication. Various ductile
metals could be readily bonded under modest temperature and pressure. Nevertheless,
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gold is the most commonly used material since it exhibits highly desirable properties
such as oxidation and corrosion resistance, low yield point and electrical conductivity.
Several studies have been performed on the characterization of thermocompression
for wire-bonding applications. The effect of surface contamination on
thermocompression bonding of gold to gold-chromium metallization has been examined
by Jellison [16]. The process was found to be highly temperature dependent when organic
films were present. UV-ozone treatment was effective in removing organic contaminants
from gold films. For bonds where metallic bond interfaces were discontinuous, post-heat
treatment resulted in their growth [17]. It was also found that the bonding may be divided
into two stages. The first stage resulted from the instantaneous mechanical disruption of
barrier films by shear displacements. The second stage involved the growth of the metal-
metal interfaces by a sintering process (see section 2.1.2). Under high applied pressure,
the rate of the second stage exhibited little temperature dependence, indicative of a stress-
assisted process [18]. In another work, Condra et al. [19] evaluated the contribution of
plastic flow to gold-gold thermocompression bonding by studying the deformation
properties of gold. In particular, the temperature dependence of the flow stress was
determined. When deformed at temperatures higher than 3000 C, work hardening was
negligible. Also, dispersion of surface contaminants and exposure of clean metal were
promoted [16]. Panousis and Kershner [20] studied the thermocompression bondability of
gold films with respect to its thickness. The results showed that it was possible to obtain
acceptable bondability for the thick gold films but that the bondability window was
significantly smaller than that for thin films. This large difference in bondability was
thought to be due to the observations that the thick films were less dense, rougher and
had more surface contaminants.
When larger arrays of bonds became desirable, studies on bump-lead bonds began.
Kim et al. [21] performed experiments on a 328-lead tape automated bonding device. The
effects of thermocompression bonding parameters on the bump-pad adhesion were
experimentally determined. Pressure and duration rather than temperature were found to
be the most significant parameters that affect adhesion. A very large array, bonding
22
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Figure 2-2 (After Furman and Mita [22]): Schematic of the two different joining test
vehicles (TV) for the gold thermocompression technique developed for very large array
bonding (1992).
technique was initially reported by Furman and Mita [22]. With this technique, gold-gold
thermocompression bonding has been extended from individual or tens of connections to
tens of thousands of connections over a large area in a single joining cycle. A semi-
isostatic press was developed for joining metal-metal or metal-polymer arrays onto
silicon substrates, as shown in Fig 2-2. A pressure ranging from 0.7 MPa to 2.8 MPa was
applied for nearly three hours, with one hour at the peak temperature of 375°C. Since the
total bond area was only a fraction of the total pad area, the average pressure on the gold
was greater than the pressure reported.
2.2.2 Characterization of Wafer Gold Thermocompression Bonding
Hitherto, limited work has been conducted to examine the feasibility and to characterize
gold thermocompression bonding at the wafer-level. Drost et al. [23] carried out
experiments to find appropriate parameters for the gold thermocompression bond, at both
the wafer and chip-level. An applied pressure of approximately 0.05 MPa, at 4000 C, for 1
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Figure 2-3 (After Tsau [7]): Bond toughness quantified in Gic, for all tested process
conditions (P, T) and fixed t=lO0min as a function of data point rank (n/N), in ascending
order.
min was found to be insufficient as inspection of the gold surface of the totally metallized
wafers showed that no continuous bond was formed. Instead, a lot of small, local joints
have been observed which were ascribed to the low pressure used [23]. The feasibility of
wafer - level, gold - gold thermocompression bonding, at relatively low temperature and
pressure, 300°C and 7 MPa, respectively has been initially demonstrated by Tsau et al.
[6]. The toughness of the resulting bond has been shown to closely correlate with the
fracture morphology. The critical strain energy release rate for the bonds ranged between
22 to 67 J/m 2 and was not shown to be strongly associated with the gold bond layer
thickness in the thickness range studied (0.23 to 1.4 ,Lm) [5]. In following work [7], Tsau
performed a more systematic characterization of this process investigating the effects of
24
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Figure 2-4 (After Tsau [7]): Bond toughness quantified in G,,, for varying bonding time
and fixed P=30 MPa, T=300°C as a function of data point rank (n/N), in ascending order.
applied temperature (260 and 300°C), pressure (30 to 120 MPa) and time (2 to 90min).
High bond toughness was obtained and the bond quality was found to improve with
increases in the bond temperature and pressure, as shown in Fig. 2-3. The experimental
results showed that bonding can be achieved at 2600C, well within the acceptable range
for packaging applications. Although bonds can be formed at pressures as low as 1.25
MPa, a pressure of 120 MPa was recommended to ensure the level of repeatability and
yield desired in manufacturing environments. Bond toughness was not found to improve
with increasing time. In fact, virtually no difference in bond toughness was observed
regardless of whether the bond was performed in 2 or 90 min, as shown in Fig. 2-4.
Nevertheless, large scatter in the bond toughness was found as plasticity was
introduced into the system. This was confirmed by the wide variation in the ductility
observed in the fractured surfaces of delaminated specimens, as shown in Fig. 2-5 [5, 7].
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Figure 2-5 (After Tsau et al. [5]): SEM images of fractured surfaces of a delaminated
thermocompression bonded specimen: (a) Magnified view of area with low plastic
deformation. (b) Image of four lines showing variation in plastic deformation. Bright
areas correspond to high plasticity. (c) Magnified view of area with high plasticity.
Using finite element analysis, a correlation between the mask layout and the non-
uniform pressure distribution was found. Additional factors such as wafer bow, wafer
and gold thickness variations and surface roughness were also thought to induce the
observed bond quality variability [7].
2.2.3 Factors under Examination and Approach
The recent work of Tsau et al. [5, 6, 7] demonstrated the feasibility of gold
thermocompression bonding, at the wafer-level and identified several general trends,
particularly the effect of pressure, temperature and time on the bond toughness.
Nevertheless, the observed bond variability has to be addressed to achieve the yield and
repeatability standards required in manufacturing environments.
There exist additional factors, such as flatness deviations that range from wafer bow
to surface roughness which were not examined in earlier work and at the same time are
believed to have a critical interaction with the material properties and process parameters
26
used on the resulting bond quality. The strategy followed in the current work is to define
clearly these different types of wafer topography and to model the deformation required
to accommodate them during the bonding process. Thus, the basic mechanics of the
process have to be studied to allow the relative contribution of the wafer topography to be
assessed according to the reference length scale and the typical geometry, and process
conditions used to achieve the bonds.
The earlier applications of solid-state bonding on the macroscopic scale and
thermocompression bonding on the die-level reviewed in Sections 2.1.2 and 2.2.1,
respectively, provide insight into the mechanics of the generic diffusion bonding process.
Specifically, the in-depth understanding of: (1) the underlying physical mechanisms and
(2) the role of the process parameters on the resulting bond quality together with the
previous experimental data are essential to identify the dominant deformation
mechanisms that accommodate the wafer topography on either the macroscopic, wafer-
scale or on the local, nano-scale. However, the process window examined in earlier
experiments [7] has to be extended to lower temperatures in order to validate the
suggested mechanics modeling and to result in an enhanced understanding of the wafer
topography interaction with the other process parameters.
27
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Chapter 3
Influence of Flatness Deviations on Bond
Quality
This chapter begins with an overview of the flatness deviations that exist across a typical
silicon wafer which may affect bonding. Then, the wafer topography effects are
examined through the development of an analytical framework. Specifically, an interface
fracture mechanics and a contact yield criterion are implemented to allow wafer bow and
surface roughness effects to be assessed, respectively.
3.1 Wafer Geometry and Flatness Deviations
There is a range of flatness deviations that exists across a typical silicon wafer which may
be classified into different types according to the reference lateral length scale, as
illustrated schematically in Figure 3-1. The two principal flatness deviations of concern
in the present work are 1) the overall wafer shape or bow which is characterized by one
or more radii of curvature, p, and 2) the local surface roughness which is characterized
by nano-scale asperities. As shown in Figure 1, another way to characterize these
different types of topography is their wavelength. Thus, while wafer bow spans the whole
29
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relevant flatness deviations according to their lateral
wafer diameter, the surface roughness has a wavelength six orders of magnitude smaller
(on the order of tens of nanometers). The above classification of the flatness deviations
has the primary goal of allowing the accommodation of each type to be modeled
individually as the dominant deformation mechanism changes with respect to the
reference length scale. At intermediate length scales (amplitudes and wavelengths),
flatness deviation is characterized by the surface waviness, which is not thought to be as
important a factor in determining bond quality and is not examined in the current thesis.
3.2 Wafer Bow
Wafer bow may be the result of either the manufacturing process, or the residual stress
caused by the deposition of a thin film on the wafer, or both. The process of bonding two
initially bowed wafers under the application of uniform pressure and temperature is
30
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Figure 3-2: The deformation process of two initially bowed wafers into a bonded pair.
The wafer geometry is defined in terms of their thickness h, radius b, curvature, K and the
wafer bow is denoted as .
considered in this section and is illustrated schematically in Figure 3-2. As the process
conditions are applied, the wafers are deformed into a common final curvature, Kf . The
mechanics-based framework employed here is based on the previous work of Turner and
Spearing [24] on the modeling of direct wafer bonding. While the underlying physical
mechanism in that technique is very different to that which operates in
thermocompression bonding, the wafer deformation that occurs during the process is
relevant in both of them. Given that, the ratio of film thickness to wafer thickness used in
the typical thermocompression configuration, as well as in the current experiments is
approximately 10-3, the deformation of the film may be ignored compared to the overall
wafer pair deformation considered here. Thus, the wafer deformation can be determined
using the classical thin plate theory for the case of an axisymmetric configuration. The
governing differential equation for wafer deflection, denoted as w in Figure 3-2,
expressed here for conditions of uniform load P and temperature T, is given by:
d d dw\1 Pr (3.1)
dr rdr dr) =2D
where D, is the wafer flexural rigidity, defined in terms of the wafer elastic properties E,
v and thickness h, as:
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P
D= Eh3 (3.2)
12(1 _v2)
Taking into account the clamped configuration of the thermocompression bonding set-up,
which is described in detail, in Section 4.2.1, we note that the deformation is subject to
the following boundary conditions (at r = 0, b):
dw
w=0, d=0 (3.3)
dr
Then, the integration of Equation (3.1) and application of the boundary conditions of
Equation (3.3) yields an expression for the pressure, Pb, required to deform the wafers
sufficiently in order to overcome the initial bow and to establish a macroscopic interface
contact:
16Eh'8 (3.4)
3b4(1  v)
where b is the wafer radius. Moreover, the resulting effective bending moments acting on
each wafer, Ml and M 2, assuming common elastic properties are determined by:
Ml =M 2 = [(l+v)b2 -(3v)r2] (3.5)
Ml and M 2 are equal since the two wafers are identical. Once the wafers are bonded and
the external loads are released, these moments have to be balanced by another effective
moment acting over the complete bonded pair [25], M 3 , in order that: M + M 2 + M 3 = 0
Thus, M 3, is given by:
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M 3 =- 8 [(+v)b2 -(3+v)r2] (3.6)
Then, the elastic strain energy stored in the bonded pair, as an outcome of the above
deformation, may be determined using the interface fracture mechanics framework for
layered materials, developed by Suo and Hutchinson [26]. In the current work the two
wafers have the same thickness and thus, the strain energy release rate, G, at the bonded
interface, is determined by:
G= Eh (I+ [)2 2 1+N ) (3.7)
where N(r/b), is a non-dimensional parameter. For the wafer material studied here, we
use the effective isotropic elastic properties of (100) Si (E =148GPa and v= 0.18) for a 4
inch wafer with 525#,m thickness and a 50,im bow in order to estimate G. For the given
parameters, the portion of G, which is associated with the wafer bow accommodation,
was found to be on the order of 10-2 J/m2 . This value compared to previous
experimentally measured values of bond toughness [6, 7], is substantially lower, by up to
four orders of magnitude and thus is unlikely to be the critical factor affecting bond
quality, suggesting that surface roughness may be the dominant factor.
3.3 Surface roughness effect
As discussed in section 3.1, surface roughness is characterized by a lateral length scale
and wavelength on the order of nanometers for the geometry and materials under
examination. Figure 3-3 shows an AFM image and line scan of a typical gold surface
prior to bonding, where the root mean square (RMS) roughness and wavelength were
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Section Analysis
1.00
(b) (c)
Figure 3-3: AFM images of a lxl/m 2 region of a deposited gold film surface (a, b) and
surface profile plot (c). RMS roughness and wavelength were measured to be
approximately 5 and 100 nm, respectively.
measured to be approximately 5 and 100 nm, respectively. This section focuses on
assessing the effect of the surface height variations (see also surface asperities) on
bonding by modeling the deformation required to accommodate them.
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3.3.1 Topography Accommodation and Deformation Mechanisms
Achieving full interfacial contact between the two mating surfaces requires that local
deformation overcome the surface roughness. The mechanistic model for the generic
diffusion bonding process, discussed in section 2.1.2, provides the necessary insight for
the modeling of the surface roughness accommodation process. Bonding is assumed to be
between two blocks of the same purely ductile material whose mating surfaces are ideally
clean and uncontaminated but covered by an array of identical small topographic features
such as pyramids or spheres, whose peaks make the initial contact. The asperities of the
two surfaces are considered to be aligned with respect to each other, which provides an
upper bound on the actual required deformation. The deformation caused by the
externally applied pressure flattens the peaks, creating isolated bonded neck areas that are
progressively extended as the asperities are crushed and the ductile material is
redistributed. This mechanism is illustrated schematically in Fig. 3-4.
The misfit due to the surface roughness has to be accommodated by elastic or plastic
deformation or by creep and diffusion [27, 28, 29]. Generally, the dominant mechanisms
of deformation change with respect to stress, temperature and strain rate [30]. This is
clearly illustrated in Fig. 3-5, where a typical deformation mechanism for an FCC metal
is shown. Here, the strain rate is plotted as a function of stress and temperature, for a
fixed grain size. While the map shown is for fine-grained aluminum, the same basic
trends are expected for gold. In general, as the grain size and film thickness are reduced,
diffusion- controlled processes will become more significant. Plasticity, creep and
I
(a) (b)
Figure 3-4: (a) (After Pullen et al. [33]) The manner in which metal is redistributed
during the crushing of the asperities. (b) The deformation process for an array of
idealized asperities.
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Figure 3-5: (After H.J. Frost and M. F. Ashby [30]) A typical deformation mechanism
map for an FCC metal. The regime in which time-independent plasticity is the dominant
deformation mechanism is denoted with the dotted line. This map is only given as a
general reference. While it is anticipated that the map for thin-film gold would be broadly
similar, the small grain size of gold leads to the expansion of the diffusional-flow field to
much lower homologous temperature.
diffusion mechanisms are dominant in different regimes [30]. As discussed in section
2.1.2, in solid-state bonding variations, the relative amounts of heat and pressure
necessary to create bonds may vary from one extreme to the other. Nevertheless, for the
current thermocompression process conditions, which are characterized by low to
moderate temperatures (T < 0.4TM ) and high stresses , well above the rate-independent
yield stress (a > y ), plasticity is considered as the dominant deformation mechanism.
Mass transport mechanisms such as creep and volume diffusion are considered to be very
slow and have a negligible contribution, taking into account the typical bonding
temperature and time, respectively. On the other hand, surface diffusion that occurs
during the last phase of the bonding process (see 2.1.2) is relatively fast as compared to
the typical bonding time range and consequently does not constitute a contributing factor
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to the bond quality variability. Previous experiments [7] confirm this assessment as they
have shown no correlation between the bonding time ranged from 2 to 90 min and the
bond quality in terms of toughness for the process conditions of interest as discussed in
section 2.2.2. Also, the modeling of isostatic pressing processes at low temperatures
(T < 0. 4T M ) for metal consolidation applications have showed that the inelastic
deformation at the contact of metals occurs predominantly by time-independent plasticity
[15, 31].
3.3.2 Plastic Deformation of Surface Asperities
Previous studies of the plastic contact of rough surfaces have shown that the behavior of
the surface asperities is not dependent on their exact geometry and is essentially the same
whether they are modeled as pyramids, wedges, spheres or with an irregular shape [32,
33]. Moreover, those treatments were based on the concept that the total volume of metal
is not changed by plastic deformation and that the displaced material when the asperities
are crushed is redistributed as a uniform rise in the non-contacting surface, as shown in
Fig. 3-4(a). The driving force for the growth of the bonded area and subsequent
elimination of the non-contacting surface is the plastic deformation of the gold film
which accommodates the externally applied pressure.
The complexity of the inelastic constitutive equations precludes analytical treatment
for this group of problems. However, provided that the gold does not strain-harden to a
large extent, it may be idealized as a rigid perfectly plastic solid which yields at a
constant stress during the applied compression. Approximate solutions are then available
with the use of slip-line field analysis for the blunting of perfectly plastic materials [28,
34] and result in the simple yield criterion (see Appendix A):
ac >Fr ay (3.8)
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where ac is the average normal contact stress (or pressure) at the interface, 7y the yield
strength and F the flow coefficient, usually treated as a constant and given by an upper
bound of:
F= = 2.97 (3.9)
where this value for F was determined with the use of the Mises yield criterion. However,
if appreciable work hardening does occur, this will increase further the pressure required
to achieve full interfacial contact. This treatment has been previously applied to the
modeling of the plastic deformation of asperities during solid-state forming processes
[15, 35]. While the additional use of FEM analysis permits the examination of
complexities such as the evolving asperity shape and the redistribution of stresses, as
shown in Appendix A, Fig.A-3, the onset of fully plastic deformation which is relevant to
the current modeling occurs at approximately the pressure plateau (three times the yield
strength) that slip-line theory predicts [15, 36].
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Chapter 4
Experimental Characterization
The objectives of the current experimental study are to obtain a basic understanding of
the gold film mechanical behavior as well as to perform further bond quality
characterization at a bonding temperature lower than the typical process regime already
explored in Tsau's studies [6, 7]. Thus, the gold film flow stress at the bonding
temperature, and the interface fracture toughness and yield of the bonded surfaces have
been measured. The ultimate goal is to complement the modeling study which was
described in Chapter 3 and was based on existing experimental data with further
measurements and observations in order to examine a wider range of parameters and to
result in an enhanced understanding of the flatness deviations interaction with the other
process parameters.
4.1 Thin Film Stress Measurement
The yield strength of the gold film at the bonding temperature is the most important
material property in this modeling approach.
Yield strength may be obtained using a curvature measurement technique [37]. A
film-substrate system is subjected to thermal cycling with the objective of inducing a
40
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Figure 4-1 (After L.B. Freund and S. Suresh, [37]): Schematic of the scanning laser
method for measuring substrate curvature.
thermal mismatch strain in the film. The radii of spherical curvature of the system are
measured with respect to the applied temperature and the average film stress can be then
obtained by use of the Stoney formula [38], [37]:
K- 6 f=u.h f (4.1)
Temperature-curvature measurements were performed using a Tencor FLX-2320
instrument by recording variations in the intensity of a laser beam originating from a
fixed source and deflected from the surface of the wafer, as shown in Figure 4-1. The
heating rate was approximately 5°C/min while the cooling rate was not actively
controlled. Measurements indicated that the rate was 5°C/min initially, but then dropped
to 2C/min at 1000C, due to limited forced cooling. Since the latter phenomenon was
suggested in the instrument manual [39], as well as in relevant literature [40, 41], an
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additional number of measurements were selected and performed for the cooling cycle to
compensate for the decreased rate. Thus, the gold film was thermally cycled between
room temperature and 300°C in approximately three hours. Since the response in the first
thermal cycle is complicated due to the multiple mechanisms involved (such as grain
growth) and the following cycles are often different than the first but similar to each other
[42], the film-substrate system was subjected to a second thermal cycle. Finally, another
curvature measurement was performed at room temperature after removing the metal
layer in order to account for the initial (inherent) film stress.
For the blanket gold film on the Si wafer, that was used here, the film stress can be
calculated as follows [37]:
6 M h ' PO_ )- (4.2)
where Msi is the biaxial elastic modulus of the <100> Si substrate, hsi is the thickness of
the Si substrate, hAu is the thickness of the Au film, i/po is the inherent curvature
(before deposition) of the Si substrate and i/p is the induced curvature of the Si
substrate at the applied temperature.
4.2 Bond Quality Measurements and Characterization - An
Interface Fracture Mechanics Approach
In order to further understand the interaction of the flatness deviations with the other
process parameters on the resulting bond quality, an interface fracture toughness
measurement technique has been used.
The fracture mechanics-based techniques, which have been developed to quantify
bond strength, are primarily concerned with the measurement of the macroscopic, or
effective, work of fracture per unit area required to separate the interface of interest [43].
This work may be quantified in terms of the interface strain energy release rate, Gi which
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is a function of material properties such as the elastic-plastic constitutive behavior as well
as mechanical parameters such as the loading mode mixture, Vr near to the crack tip. This
quantity is equated to the effective interface fracture resistance (or toughness),Fi which
provides a measure of the bonding energy at the interface. Contributions to Fi arise from
the chemical bonding and other processes associated with the fracture mechanism
including crack tip plasticity. Thus, the driving force for interfacial debonding is the
strain energy release rate, Gi and this occurs when [44]:
Gi 2 ri (4.3)
In order to obtain the interface toughness, Fi the critical load, P that is just sufficient for
crack growth has to be determined experimentally. Then, at this critical load, the
corresponding critical strain energy release rate, G, equals the interface fracture energy,
by definition:
Gic = Fi (4.4)
Therefore, by evaluating the critical driving force, Gic the interface fracture energy is
obtained.
Among the available methods to measure i [45, 46], the four-point bend
delamination technique, proposed by Charalambides et al. [47], has been used in several
recent studies. It has the advantage that the strain energy release rate for the interface
crack is independent of the crack length, as long as the latter significantly exceeds the
thickness of the upper layer of the beam [47]. This feature eliminates the difficulties
involving crack length measurements and facilitates more accurate measurements of Fi.
The above technique which is employed in this experimental study has been previously
used in the characterization of wafer gold thermocompression bonds [6] as well as wafer
fusion bonds [48].
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Figure 4-2: (a) Top view of orthogonal alignment. (b) Discrete bond pads were formed at
the intersection of the gold lines (process developed by Tsau et al., [5]).
4.2.1 Specimen Fabrication
For the testing approach followed in the current work, four-point bend specimens were
prepared by bonding a pair of gold coated silicon wafers and then dicing them into beam-
like specimens. The fabrication process followed here was developed by Tsau et al. [5]
and the main steps included silicon substrate preparation, gold deposition on the silicon
substrates, thermocompression bonding and dicing for mechanical testing.
Each of the three bonding pairs that were used for specimen fabrication consisted of
two 4-inch, n-type, silicon wafers with an average thickness of 525gm and 450gm
respectively. The former wafer was single-side polished, while the latter was double-side
polished (DSP). A 60gm deep and 500gm wide central notch was formed by KOH
etching in the DSP wafer. Then, a 0.3gm thick silicon oxide diffusion barrier was formed
by thermal oxidation at 11000 C and a 10nm titanium adhesion layer followed by a 0.5gm
gold bonding layer was e-beam deposited onto both wafers. The gold was patterned using
a lift-offmask technique that resulted in seven sets of 50,tm by 60mm parallel gold
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Figure 4-3 (After Tsau et al., [5, 7]): Schematic of the bonding process set-up.
lines, with the pattern on one wafer rotated by 900 with respect to the other (orthogonal
alignment). Thus, 49 groups of 50x50 /Am2, discrete square pads were formed, at the
intersection of the gold lines1, as shown in Figure 4-2. The use of this pattern achieves an
increased applied pressure to the individual gold pads with a fixed bonding load. A
schematic of the fabrication process flow details may be found in Appendix B.
The wafer pair was then aligned and clamped on a stainless steel chuck with the use
of a quartz plate, as shown in Figure 4-3. Bonding was achieved with the use of a
commercial Electronic VisionsTM 501 bonder, under a nitrogen atmosphere. The
temperature was progressively raised up to 2000C and three different loads of 1600, 3900
and 6400N were applied at each of the three different wafer pairs for a fixed time of 10
minutes. These loads resulted in nominal bonding pressures on the gold pads of 30, 73
and 120MPa respectively.
A first macroscopic inspection of the bonded wafer pairs was performed directly in the
clean room, with the use of an IR Imaging System. Any unbonded region generates a
1Among the 49 groups, there are 42 with 441 pads and 7 with 399 pads (the latter belong to the central
trench area).
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Figure 4-4: (a) IR imaging of a bonded wafer pair. (b) The arrangement and geometry of
the beam-like specimens before their dicing, is indicated with the dotted box.
characteristic interference pattern, analogous to "Newton's rings". This was mostly
observed near the edges of the wafer pairs, as shown in Figure 4.4(a).
Finally, to form the four-point bend testing specimens, the bonded wafers were first
diced into 8mm wide strips and then a central notch was cut using a dicing saw, into the
DSP wafer, as shown in Figures 4-4(b) and 4-5(b) respectively.
4.2.2 Four-Point Bend Delamination Mechanics
The strain energy release rate, G, of any linear elastic fracture system may be obtained by
[49]:
p2 dC
G = - d(4.5)
2b da
where P, is the applied load, C, the compliance of the system, b, the width of the sample
and 2a, the length of the crack.
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Figure 4-5: (a) Schematic of the four-point bend configuration under loading. (b)
Micrograph of specimen showing the geometry of the notch in the DSP wafer.
Once the crack length is sufficiently longer than the thickness of the notched beam,
the strain energy release rate is independent of crack length for a fixed moment [47]. In
the four-point bend geometry, shown schematically in Figure 4-4(a), the bending moment
per unit width, between the inner loading points, is Mb = P1 /2b, where , is the spacing
between the inner and outer loading points of the apparatus. If the same material is used
in both layers, as in the current case, the strain energy release rate may be expressed as
[47]:
G=M 2 ( 12 1 (4.6)
2E 12 I c
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(a)
where E and v are the beam (silicon) elastic modulus and Poisson's ratio, respectively,
and I2, IC are the second moments of area per unit width of the unnotched and composite
beams, respectively. Noting that the subscripts 1 and 2 refer to the notched and unnotched
beam, respectively, and h refers to the corresponding beam thickness, the second
moments are given, by definition, as:
h,3 h23 +hlh2(hl +h2) (l 3 2) h2
2 01 2 ) Ah h(4.7)12 12 4 12 2 12
Then, for simplicity, Eq. (4.6) can be restated in the general form of Eq. (4.5), taking into
account Eq. (4.7):
G= (1 2- 12 12
2b 4Eb h2 (h +h 2Y)' (4.8)
The application of the above formula for the case of the discrete gold pads, at the
interface of the current specimen, requires an appropriate area correction, as described in
Section 4.2.1 and applied in Chapter 5.
Moreover, the loading conditions at the interface, between the inner rollers of the
apparatus, result in mixed mode fracture, with a mode mixture Vr z 41° [47], given the
geometry and material properties employed in the current study. This indicates slightly
more tensile than shear loading with respect to the direction of crack propagation ( is
0° for pure mode I and 90° for pure mode II). The characterization of the mode mixture
is important because the strain energy release rate that is required for crack growth along
an interface is very sensitive to the loading mode of the stress field around the crack tip,
as shown in Figure 4-6. It typically takes several times as much energy for a crack to
propagate under mode II than under mode I conditions. Thus, it is essential that the
experimental results for the interface toughness are reported along with the respective
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Figure 4-6: Schematic of the loading modes at the interface. (a) Mode I (tensile loading).
(b) Mode II (shear loading).
loading mode applied during the testing.
Finally, the validity of using the results of Charalambides et al. [47], which were
originally developed for an homogeneous, bilayer specimen, but here applied to a
sandwich specimen which includes a thin interlayer of a second material, has been
investigated by Suo and Hutchinson [45, 50]. Similar results were found for both stress
intensity factor and mode mixture at the crack tip.
4.2.3 Mechanical Testing and Microscopic Observations Procedure
Mechanical testing was performed using an InstronTM, model 1332, servo-hydraulic test
machine fitted with a commercial four-point bending fixture, which had symmetrically
positioned inner and outer loading cylinder pins, as shown in the schematic of Figure 4-
4(a). A 100 N, Instron TM load cell was used to monitor the applied load in the range of
interest, while the testing machine was operated in displacement-controlled mode, at a
rate of 0.075mm/min. Both load and displacement data were acquired and recorded by a
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computer system with a data acquisition board and LabVIEWTM software. Also, a
QuestarTM long distance microscope has been used for in situ observations of crack
initiation and propagation events. Tests were conducted in a laboratory air environment at
approximately 250C.
An important procedure that was performed prior to actual testing was the alignment
of the four-point bending fixture, in order to ensure uniform loading of the specimen. The
proper alignment was initially checked with the use of two piezoresistive strain gages,
located below the inner rollers and aligned with them [51]. The correction of any
observed misalignment was possible with the use of a custom alignment fixture, mounted
on the top of the upper portion of the four-point bend fixture. This alignment fixture was
originally designed and employed by Turner [51], in an experimental characterization of
silicon wafer fusion bonds.
Following mechanical testing, the fracture surfaces were examined using optical
microscopy to characterize the failure mode, and subsequently measure the bond yield.
Furthermore, scanning white light interferometry and atomic force microscopy (AFM)
were used to compare and quantify respectively, the extent of the plastic deformation
during fracture. The former technique was performed using a ZygoTM, New View 5000
system in order to image and measure the microstructure and topography of the fracture
surfaces. This system divides light into one portion that reflects from the test surface and
another portion that reflects from an internal, reference surface in the interferometric
objective. Both portions are then directed onto a solid-state camera and the interference
between the two light wavefronts results in an image of light and dark fringes, which
indicate the surface structure of the sample being tested. Finally, the AFM images and
measurements were obtained from a VeecoTM, D3000 metrology system operating in
tapping mode.
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Chapter 5
Results and Discussion
5.1 Gold Film Yield Stress
The yield strength of the gold film at the bonding temperature has been obtained using a
curvature measurement technique as described in Section 4.1. A blanket Au film and Ti
adhesion layer were e-beam deposited on a Si wafer following the thermal growth of a
SiO2 diffusion barrier. The film-substrate system was subjected to thermal cycling and
the radii of spherical curvature of this system were measured with respect to the applied
temperature. Then, the film stress was calculated as follows [37]:
6h M ,Jsi 1 (5.1)
where Msi= 180.5 GPa is the biaxial elastic modulus of the (100) Si substrate, h = 525
gm is the thickness of the Si substrate, hAu, = 0.5 m is the thickness of the Au film, / p
is the inherent curvature (before deposition) of the Si substrate and 1/p is the induced
curvature of the Si substrate at an applied temperature.
The results of the above calculations are shown in Figure 5-1, where the gold film
biaxial stress is plotted as a function of the applied temperature. Initially, at room
temperature, the gold film is under a low biaxial tensile stress. Upon heating, the stress
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Figure 5-1: Stress evolution in a nominally 0.5 gum thick Au film on a Si substrate during
the first and second thermal cycles.
decreases along a thermo-elastic line. Then, at approximately 1 100C, the gold film starts
to undergo a stress relaxation or more accurately the rate of plastic relaxation exceeds the
applied loading rate, as noted by Thouless et al. [40]. The gold stress exhibits a plateau
of 25+5 MPa, between 180°C and 2200C, suggesting a nearly constant flow stress of 25
MPa in this temperature regime. At higher temperatures the stress decreases again along
an elasto-plastic line. Upon subsequent cooling, a tensile stress is induced, which finally
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reaches a maximum value of approximately 210 MPa, at room temperature. Since the
first thermal cycle is complicated due to multiple mechanisms involved (such as grain
growth) and the following cycles are often different than the first but similar to each other
[42, 52], the film-substrate system was subjected to a second thermal cycle. Stress
relaxation, that is apparent during the first cycle, is not observed during the second cycle.
However, the stress evolution in the cooling portion of the second cycle closely matches
the corresponding portion of the first cycle, indicating the repeatability of the thermo-
mechanical behavior of the gold film [52].
The thermo-mechanical behavior of thin metal films has been widely studied with the
use of dislocation-based models. However, the underlying mechanisms and their inherent
size effects are not yet well understood [41, 52 ,53]. Nevertheless, regarding the
modeling approach followed in the current work, only the approximate value of the flow
stress (25 MPa) in the temperature regime of interest (around 200°C) is relevant. The
observed value of stress is also consistent with previous experimental characterization
results for a nominally 0.5 gum thick Au film [7], where a fairly constant flow stress of 30
MPa has been reported, when the applied temperature was between 2000C and 3000C.
5.2 Bond Quality Results and Characterization
This section includes the presentation and interpretation of the mechanical testing raw
data and calculations, as well as the microscopic observations and measurements
obtained from the application of techniques which were presented in Chapter 4.
5.2.1 Load - Displacement Data and Interface Fracture Behavior
The four-point bending system mechanics (described in Section 4.2.2) predicts that the
strain energy release rate should exhibit steady-state characteristics once the crack length
is sufficiently longer than the thickness of the notched beam [47]. Given a constant value
54
of the interfacial toughness, the analysis suggests that, ideally, crack propagation should
begin at some critical load and then propagate at a constant load along the uniform
moment region between the inner loading points.
However, the observed load-displacement behavior depends on how the critical strain
energy release, Gicvaries with position along the interface. Howard et al. [54] and
Klingbeil et al. [55], after studying experimental load-displacement data from Ti/Ti and
NiAl/steel interfaces respectively, observed many cases of unstable crack propagation
immediately following initial debonding. As the critical load was reached, rapid crack
extension occurred (or else crack bursting, as described in [54]) causing a large drop in
the load. Possible explanations given for this phenomenon were the non-uniform
interface properties and an asymmetrical crack advance on either side of the notch.
A typical load-displacement curve obtained from the current experimental study is
shown in Figure 5-2. Initially, the load rises linearly with increasing displacement, as the
specimen deforms elastically. Once the critical load for interface crack initiation is
reached, at approximately 3.5N, the curve exhibits an abrupt change in slope. At this
point, a load drop is observed indicating rapid crack propagation. The same behavior is
then repeated twice, at loads slightly higher than 4N. Then, immediately after a fourth
peak is reached, a short load plateau (constant load regime) is obtained, at approximately
4.5N, corresponding to stable crack propagation. Loading further than this point results in
a linear but more compliant curve than the initial elastic regime, indicating that the crack
has propagated over the full distance between the inner loading points. The decrease in
the compliance of the system is also apparent from the slope of the curve, during
unloading.
The observed unstable crack propagation is consistent with the behavior reported in
previously discussed four-point bend experimental studies [54, 55]. Similar non-ideal
behavior was also reported by Tsau [7] who originally characterized Au/Au
thermocompression bonded specimens with the same technique. A possible interpretation
of the above fracture behavior may be associated with variations in the plastic dissipation
that occurs, as the crack propagates along the discontinuous ductile interface. The
dominant contribution of the plasticity in the measured fracture toughness along a ductile
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Figure 5-2: A typical load-displacement curve obtained from the current four-point bend
testing of gold thermocompression bonded specimens.
interface has been extensively reported in previous studies [56, 57]. Microscopic
observations and corresponding measurements on the gold fracture surfaces, described in
Section 5.2.3, support this argument. Moreover, the asymmetrical crack advance on either
side of the notch that was originally suggested by Howard et al. [54], was confirmed in
current study by real-time observations with the use of a long distance microscope
(Section 4.2.3) in most cases. Thus, it may be inferred that the variation in plastic
deformation along with the discontinuous configuration of this interface result in the
appearance of four different peak loads which could be associated with the four discrete
bonded pads regions (out of the total eight) that are included in the uniform moment
56
region of the tested specimens [7]. Due to the lack of a single load plateau, both the load
peaks and the averaged critical load were used for the calculation of the interface fracture
toughness. None of these two approaches captures accurately the actual released fracture
energy, but both provide macroscopic metrics of the bond toughness.
5.2.2 Bond Toughness
The experimentally measured Gi values for all tested specimens (four data points per
specimen) range from 2 to 190 J/m2 , ranked in ascending order, as shown in the plot of
Figure 5-3. Nevertheless, the majority of the measured values fall between 40 and 100
J/m2.
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Figure 5-3: The experimentally measured Gic values for all tested bonded regions (four
data points per specimen) as a function of data point rank (n/N) in ascending order.
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Despite the overall large scatter of the data points per bonded wafer pair, the amount of
scatter is similar for each individual wafer pair. Similar scatter was also observed by Tsau
[7] who characterized the process for the same range of applied pressure, but for higher
temperatures (260 ° to 300°C). However, the upper bound of the toughness range reported
in Tsau's work [7] was considerably higher, up to approximately 400 J/m2. Another plot
of the Gi values obtained from current mechanical testing is shown in Figure 5-4. There,
the averaged bond toughness values per specimen have been calculated (see Section
5.2.1) and the scatter of the data per wafer pair has been reduced.
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Figure 5-4: The average G values per specimen as a function of data point rank (n/N) in
ascending order.
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A key result from these experimental data for Gic, is that even at bonding temperatures,
as low as 200°C, the lowest achieved bond toughness is three orders of magnitude higher
than the elastic strain energy associated with overcoming wafer bow (which was
calculated in Equation 3.7). Thus, it can be clearly seen that wafer bow has negligible
effect on determining the variability of bond quality. Also the data in the plot of Figure 5-
4 suggest that almost all of the tested specimens from the wafer pair that corresponds to
the highest applied pressure exhibit higher toughness values than those of the other
specimens. However, both plots of bond toughness values do not conform to the expected
overall trend of monotonically increasing toughness with increasing bonding pressure. It
seems likely that a number of fabrication issues involved in the specimen preparation and
described in Section 4.2.1 (such as substrate preparation and gold deposition) may have
contributed to the lack of a clear correlation between bond toughness and applied
pressure or possibly to the lower Gic values as well. This argument is further supported by
the fact that only a single wafer pair was used per individual process condition.
Furthermore, it is not yet clear if the suggested influence of nanotopography, which is
analyzed in Chapter 3 and is consistent with the previous experimental data for 260 to
3000C [7] is proved here to be sensitive to the bonding temperature decrease (2000) or
whether other factors not taken into account in current modeling approach may be more
significant than thought to be. Thus, these data points are proved to be inadequate in
sufficiently exploring the effect of surface asperities.
The mechanical testing data presented above provide a macroscopic metric of the
bond quality (due to the averaging of the toughness of each discrete gold bonded pad).
Despite the limitations of this characterization in capturing local or subtle variations of
bond quality, it provides a useful measure of the overall response of the bonded area.
Thus, the macroscopic fracture results do substantiate the conclusion that overall wafer
shape is a negligible contributor to bond quality. However, microscopic observations and
measurements have to be employed in order that the actual extension of the plastic
deformation on the gold pads be identified and quantified as a micro-scale metric of the
bond quality.
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5.2.3 Microscopic Observations and Measurements.
Si Wafer
siO2
Ti
Au
Ti
siO2
-4 Cohesive failure
4 Adhesive failure
Si Wafer
Figure 5-5: The observed fracture failure modes (cohesive/adhesive) are associated here
with the corresponding interfaces of the bonded multi-layer stack.
As discussed earlier in Sections 5.2.1 and 5.2.2 the measured Gvalues are
substantially larger compared to the intrinsic surface energy of the metal layers. This is
due to the dominant contribution of plasticity in the measured interface toughness [56,
57]. A larger plastic dissipation during fracture for the fixed gold thickness of current
specimens is expected to be associated with a cohesive failure within the gold layer. On
the other hand, limited ductility and lower Gic values are normally related to the adhesive
failure mode, which corresponds to delamination along the Ti/SiO 2 interface for the
multi-layer films used in the current configuration, as shown in the schematic of Figure
5-5.
The large variation of Gicvalues that was observed in the current work, manifested
itself in the simultaneous appearance of fully adhesive, fully cohesive or combined
failure modes. Two characteristic cases of combined failure modes are shown in the
optical micrographs at Figure 5-6. In these images, it can be seen that the non-uniformity
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(a) (b)
Figure 5-6: (a) Both failure modes observed in neighboring gold pads (cohesive to the left
and adhesive to the right). (b) Variation in failure mode within the gold pad: Cohesive
failure within the bonded layer appears darker, while adhesive failure at the Ti/SiO2
interface appears brighter.
in failure mode may occur between neighboring pads as in micrograph (a) or even within
individual gold pads, as appears in (b). The areas of the gold pads which were plastically
deformed during fracture appear darker than the unbonded gold line on either side of the
pads as well as the adhesive failure areas. This visual distinction is a result of the
increased roughness of the gold due to the plastic deformation and may be used to
characterize a well-bonded pad, without resorting to higher resolution imaging.
A straightforward comparison of fractured areas with the use of this optical contrast is
shown in Figure 5-7, where a poorly bonded area is characterized by almost uniform
color appearance with only little signs of plastic deformation visible at the edges of the
pads (as shown in the zoom view). Since this optical comparison captures the actual
extension of the plastic deformation on the gold pads, it was used as a micro-scale
criterion to quantify the bond quality in terms of yield. A gold pad was defined as
successfully bonded if more than approximately 75% of its surface appears darker than
the unbonded gold on either side of it.
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(a)
(b)
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Figure 5-7: Comparison of bond quality in fractured areas with the use of optical contrast
observations: (a) Only little signs of plastic deformation are visible at the edges of the
gold pads. (b) The pads which were plastically deformed and successfully bonded during
the process appear darker than the unbonded gold line on either side of the pads.
Given that the macroscopic metric of bond toughness failed to provide a clear correlation
between bond quality and applied pressure for the current experimental conditions, this
micro-scale criterion was employed to compare the bond quality of specimens which
have comparable Gicvalues (but at the same time are corresponding to different process
conditions), in terms of yield. Such is the case for most of the specimens which were
bonded at 30 and 120 MPa respectively (see Figure 5-4). Thus, these specimens were
selected as more appropriate to measure the bond yield rather than those bonded at 73
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Figure 5-8: The bond yield for specimens which were bonded at 30 and 120 MPa
respectively. Despite the fact that they have comparable Gic values, the yield measured is
clearly increased with the application of higher pressure.
MPa which were clearly exhibit lower Gic values, given also the limited available time
and the time consuming process required for the optical observations. The data obtained
are presented in the graph of Figure 5-8, and clearly show that the bond yield is increased
by the application of the highest pressure as expected from the analysis of Chapter 3.
Also, this trend is consistent with the suggested effect of surface roughness on the bond
quality which is described in Section 3.3.
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However, despite the correlation with the applied pressure, even these yield data are
scattered. Moreover, the highest measured yield value of approximately 65% is far from
the nearly 100% yield which was reported by Tsau [7] for the same bonding pressure, but
at higher temperature (260°-3000C). This implies that even an applied pressure that
exceeds more than three times the temperature-dependent gold yield stress appears to be
insufficient to result in full interfacial contact over the total gold area. Thus, the reported
yield data constitute evidence of the improved bond quality, with increasing pressure,
manifested in extended plasticity. On the other hand, the current data are inadequate in
defining whether or not surface roughness is the dominant factor determining
thermocompression bond quality.
In order to complement the optical observations and predominantly to quantify the
extension of the plastic deformation of the gold pads, scanning white-light interferometry
and atomic force microscopy were employed. With the use of those techniques, surface
roughness profile plots were obtained and compared with respect to the corresponding
bonding pressure used. Initially, extensive qualitative comparisons were performed with
the use of interferometry, as shown in two typical plots obtained, in Figure 5-9. Then,
(a) (b)
Figure 5-9: Typical surface roughness profile plots for specimens which were bonded at
30 (a) and 120 MPa (b) respectively. The gold ductility manifested in surface roughness
is increased with increasing applied pressure.
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Figure 5-10: AFM images of 5x5ptm 2 areas from fractured surfaces of specimens bonded
at 30 (a) and 120 MPa (b). RMS roughness was measured to increase from 34nm to
1 35nm respectively.
AFM measurements were performed to quantify the plastic deformation on the fractured
gold surfaces with respect to the process conditions. Higher plastic deformation on the
fractured surfaces is expected to be associated, in principle, with cohesive failure mode
and initially well-bonded pads. The RMS value for surface roughness was measured to
increase from 30-50 nm to 130-150 nm, corresponding to specimens bonded at 30 and
120 MPa, respectively. Furthermore, for the latter, the peak to valley distance was
measured from 480-510 nm suggesting that the entire gold layer had plastically
deformed. Also, the examination of some specimens bonded at 73 MPa shows that their
ductility lay, qualitatively, between those bonded at 30 and 120 MPa respectively.
Again, the overall trend suggested by the optical observations was confirmed. Gold
ductility, during fracture, manifested in surface roughness, is increased with increasing
applied pressure, as shown in the images of Figure 5-10.
65
fi
m
66
Chapter 6
Conclusions and Recommendations
6.1 Thesis Summary and Conclusions
This thesis documents mechanics modeling of the effect of flatness deviations on gold
thermocompression bonds. The main achievements and conclusions of this work are:
1) An analytical framework that allows the effect of wafer topography to be assessed
for typical geometries and process conditions has been developed. This has been
accomplished by modeling the deformation required to accommodate wafer
topography and to establish material continuity. Specifically: (a) An analytical
expression for the strain energy release rate, which is associated with the elastic
deformation required to overcome wafer bow and establish an interface contact,
has been developed and (b) A contact yield criterion has been used to examine the
pressure and temperature conditions required to flatten surface roughness
asperities in order to achieve bonding over the full apparent area.
2) The bond toughness of gold thermocompression bonded specimens has been
measured with the use of the four-point bending delamination technique, under a
useful range of process parameters, in order to validate the suggested framework
as well as to assess the relative contribution of the factors under examination.
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3) A micro-scale bond characterization has been conducted based on microscopic
observations and AFM measurements in order to complement the macro-scale
bond toughness measurements by quantifying the bond yield and the extent of the
plastic deformation on the fractured gold surfaces.
4) The analytical results combined with experimental data for the bond toughness
clearly suggest that wafer bow has a negligible effect on determining the
variability of bond quality.
5) Microscopic observations and AFM measurements on the fractured surfaces of
the thermocompression bonded specimens have shown that the well-bonded area
is increased with increasing bonding pressure
6.2 Recommendations for Future Work
Wafer-level, thermocompression bonding is a promising technique for
microelectromechanical systems (MEMS) packaging. However, the quality of the
resulting bond is critically dependent on the interaction between flatness deviations that
range from wafer bow to surface roughness, the thin film properties and the process
parameters and tooling used to achieve the bonds. While this work has made some
advances in order to understand the relative contributions of these effects, it has also
highlighted some issues that require further investigation before gold thermocompression
bonding can be widely used for MEMS packaging applications.
The current experimental study validated several general trends between bond quality
metrics and process conditions. For instance, the well-bonded area has been showed to
increase with increasing bonding pressure through the local deformation of the surface
asperities. Nevertheless, the current experimental data are inadequate in defining whether
or not surface roughness is the dominant factor determining the observed bond quality
variability. A more systematic experimental study has to be performed as compared to the
limited process window examined in the current work. Also, given the interesting results
68
obtained from the current micro-scale characterization based on microscopic observations
and measurements, the use of appropriate micro-mechanical testing may provide
improved measurements and effective characterization of the local contact processes.
Other factors, not taken into account in current modeling approach, such as the
crystallographic orientation at the bonding interface, may also play a role in determining
the bond quality. The employment of a more comprehensive constitutive model for the
gold film thermomechanical behavior may capture effectively the influence of both
nanotopography and microstructure, which may contribute to the observed bond quality
variability.
Finally, there are other interesting aspects of gold thermocompression bonding, not
studied in the current work, which have to be investigated such as the possibility of
hermetic sealing. This property is very important in MEMS packaging manufacture and
could make the thermocompression bonding technique very attractive for a class of
applications.
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Appendix A
Slip-Line Field Analysis
When the plastic deformation is sufficiently severe so that the plastic strains are large
compared with the elastic strains, the elastic deformation may be neglected. Then,
assuming plane strain deformation and idealizing the material as a rigid perfectly plastic
solid, a large class of solutions to complex plasticity problems (e.g. metal forming) is
available with the use of slip-line field analysis.
A loaded body of rigid perfectly plastic material comprises regions in which plastic
flow is taking place and regions in which, on account of the assumption of rigidity, there
is no deformation. The state of stresses within the regions of flow can be represented by a
slip-line field [28]. The slip lines are drawn parallel to the directions of principal shearing
stress at every point in the field, i.e. at 45° to the directions of principal direct stress.
Thus, they consist of an orthogonal curvilinear net of "a" and "" slip lines. A
representative element of a slip-line field is sketched in Figure A-l(a). The stress state in
the plastic zone consists of a hydrostatic stress denoted by ac together with the shear
yield stress in the plane of deformation denoted by k. It is convenient to represent this
state of stress by a Mohr's circle, as shown in Figure A-l(b), which relates a, k and p.
Then, by considering the equilibrium of the element in Fig. A-l(a), in the direction of an
a line and , line respectively, we obtain:
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ao (max. princ. strem)
/
a
(ml. prmc. Stress)
(a) (b)
Figure A-1 (After K. L. Johnson [28]): A representative element of a slip-line field (a)
Stresses acting on the element bounded by slip lines. (b) The state of stress represented
by a Mohr's circle.
2k = 0, 2k a o =O (A. 1)
aa aa f a
which may be also expressed as:
a - 2k(p = constant, a + 2kp = constant (A.2)
where k = a/ or ay /2, with the use of the Mises or the Tresca yielding criterion,
respectively.
Thus, by starting at a point of known stress (e.g. at some boundary), equations (A.2)
enable the variation in a throughout the field to be found from the directions of the slip
lines. In the particular case of plastic blunting of surface asperities, given the idealization
of section 3-3, the contact stress (or pressure), a, may be expressed by the pressure
during the blunting of plastic wedges shown in Figure A-2 [28, 34]:
c = Fay (A.3)
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Figure A-2 (After K. L. Johnson [28]): Slip-line field and deformation during the
blunting of a plastic wedge (assuming no slip).
where the flow coefficient, F is given by an upper bound of F = 2 + ir/ = 2.97 or
F = 2 + r/2 = 2.57, with the use of the Mises or the Tresca yield criterion, respectively.
While the additional use of FEM analysis [15, 36], permits the examination of
complexities such as the evolving asperity shape and the redistribution of stress, as shown
xlR
FAt06
xly
Figure A-3 (After A. R. Akisanya [36]): The
blunting of the asperities, for different modes
evolution of the flow coefficient during the
of deformation (FEM analysis)
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in Figure A-3, the onset of fully plastic deformation which is relevant to the current
modeling occurs at approximately the pressure plateau (3cra) that slip-line theory
predicts.
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Appendix B
Specimen Fabrication Process Flow
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Figure B-1 (After Tsau [5]): Schematic of fabrication process flow details, with cross
sections taken along A - A' for (a)-(d), and along B - B' for (e). (a) Bonding pair. Detail
shows notch region in DSP wafer (bottom) after KOH and shallow anisotropic etching.
(b) Thermal oxidation. (c) Metal deposition. (d), (e) Aligned bonding. (f), (g) Top view
of DSP and regular wafers after lift-off, respectively. Dashed central rectangle in (f)
indicates the location of the etched trench.
75
III III 
....... //
-A'
IIl II II FJ I l.. .. I i
76
Bibliography
[1] N. Maluf, An Introduction to Microelectromechanical Systems Engineering, Artech
House, 2000.
[2] S. D. Senturia, Microsystem Design, Kluwer Academic Publishers, 2001.
[3] T. R. Hsu, MEMS Packaging, INSPEC, Institution of Electrical Engineers, London,
UK, 2004.
[4] T. R. Hsu, MEMS and Microsystems Design and Manufacture, Mc Graw-Hill, 2002.
[5] C. H. Tsau, S. M. Spearing and M. A. Schmidt, "Fabrication of wafer-level
thermocompression bonds", J. Microelectromech. Syst., Vol. 11(6), pp.64 1-647,
2002.
[6] C. H. Tsau, M. A. Schmidt and S. M. Spearing, "Characterization of low
temperature, wafer-level gold-gold thermocompression bonds", in Materials
Science of MEMS Devices II, (Mat. Res. Soc. Symp. Proc., Vol. 605, 1999), pp.
171-176.
[7] C.H. Tsau, Fabrication and characterization of wafer-level gold
thermocompression bonding, Ph.D. Thesis, MIT, 2002.
[8] R. W. Jr. Messler, Joining of Advanced Materials, Butterworth - Heinemann, 1993.
[9] H. Granjon, Fundamentals of Welding Metallurgy, Abington Publishing, 1991.
[10] R. W. Jr. Messler, Principles of Welding, Wiley - Interscience Publishing, 1999.
[1 1] M. G. Nicholas, Joining Processes, Kluwer Academic Publishers, 1998.
[12] R. L. O' Brien, Welding Handbook Vol.2: Welding Processes, American Welding
Society, 1991.
77
[13] R. F. Tylecote, The Solid Phase Welding of Metals, St. Martin's Press, 1968.
[14] M. F. Ashby and D. R. H. Jones, Engineering Materials Vol.2, Butterworth -
Heinemann, 1998.
[15] R. Gampala, D. M. Elzey and H. N. G. Wadley, "Plastic deformation of asperities
during consolidation of plasma sprayed metal matrix composite monotape", Acta
Metall. Mater., Vol. 42(9), pp.3 2 0 9 -3 22 1, 1994.
[16] G. G. Zhang and C. C. Wong, Review of Direct Metal Bonding, Advanced Materials
for Micro- and Nano-systems, Singapore-MIT Alliance, 2004.
[17] J. L. Jellison, "Effect of surface contamination on the thermocompression
bondability of gold", IEEE Trans. Parts, Hybrids, Packag., Vol. PHP-1 1(3), pp.206-
211, 1975.
[18] J. L. Jellison, "Kinetics of thermocompression bonding to organic contaminated
gold surfaces", IEEE Trans. Parts, Hybrids, Packag., Vol. PHP-13(2), pp.132-137,
1977.
[19] L. W. Condra, J. J. Svitak and A. W. Pense, "The high temperature deformation
properties of gold and thermocompression bonding", IEEE Trans. Parts, Hybrids,
Packag., Vol. PHP-1 1(4), pp.290-296, 1975.
[20] N. T. Panousis and R. C. Kershner, "Thermocompression bondability of thick-film
gold - A comparison to thin-film gold", IEEE Trans. Comp., Hybrids, Manufact.
Technol., Vol. CHMT-3(4), pp.617-623, 1980.
[21] Y. G. Kim, J. K. Pavluri, J. R. White, I. J. Busch-Vishniac and G. Y. Masada,
"Thermocompression bonding effects on bump-pad adhesion", IEEE Trans. Comp.,
Packag., Manufact. Technol. - part B, Vol. 18, pp. 192-199, 1995.
[22] B. K. Furman and S. G. Mita, "Gold-old (Au-Au) thermocompression (TC)
bonding of very large arrays", in Proc. 42n Electronic Components and Technology
Conference, 1992, pp.8 83 -8 8 9 .
[23] A. Drost, G. Klink, S. Scherbaum and M. Feil, "Simultaneous fabrication of
dielectric and electrical joints by wafer bonding", in Proc. SPIE - Micromachined
Devices and Components IV, 1998, pp.62-71.
[24] K. T. Turner and S. M. Spearing, "Modeling of direct wafer bonding: Effect of
wafer bow and etch patterns", J. Appl. Phys., Vol. 92(12), pp.7658-7666, 2002.
78
[25] K. T. Turner, M. D. Thouless and S. M. Spearing, "Mechanics of wafer bonding:
Effect of clamping", J. Appl. Phys., Vol. 95(1), pp.3 4 9 -3 55, 2004.
[26] J.W. Hutchinson and Z. Suo, "Mixed mode cracking in layered materials", Adv.
Appl. Mech., Vol. 29, pp.63-191, 1992.
[27] H. H. Yu and Z. Suo, "A model of wafer bonding by elastic accommodation", J.
Mech. Phys. Solids, Vol.46(5), pp.829-844, 1998.
[28] K. L. Johnson, Contact Mechanics, Cambridge Univ. Press, 1985.
[29] D. S. Wilkinson and M. F. Ashby, "Pressure sintering by power law creep", Acta
Metall, Vol. 23, pp.1277-1285, 1975.
[30] H. J. Frost and M. F. Ashby, Deformation mechanism maps, Pergamon, 1982.
[31] R. Gampala, D. M. Elzey and H. N. G. Wadley, "Power-law creep blunting of
contacts and its implications for consolidation modeling", Acta Mater., Vol. 44(4),
pp. 1479-1495, 1996.
[32] D. Tabor, Hardness of metals, Clarendon Press, 1951.
[33] J. Pullen and J. B. P. Williamson, "On the plastic contact of rough surfaces", Proc.
R. Soc. Lond. A, Vol. 327, pp.159-173, 1972.
[34] R. Hill, Mathematical theory ofplasticity, Oxford Univ. Press, 1950.
[35] A. R. Akisanya, A. C. F. Cocks and N. A. Fleck, "Hydrostatic compaction of
cylindrical particles", J. Mech. Phys. Solids, Vol. 42(7), pp.1067-1085, 1994.
[36] A. R. Akisanya, Y. Zhang, H. W. Chandler and R. J. Henderson, "The deformation
and densification of an array of metal-coated fibres", Acta Mater., Vol. 49(7),
pp.2 2 1-235, 2001.
[37] L. B. Freund and S. Suresh, Thin Film Materials, Cambridge University Press,
2003.
[38] G. G. Stoney, "The tension of metallic films deposited by electrolysis", Proc. R.
Soc. London A, Vol. 82, pp.172-175, 1909.
[39] FLX-2320, Thin Film Stress Measurement Instrument Manual, Tencor, Mountain
View, CA.
79
[40] M. D. Thouless, J. Gupta and J. M. E. Harper, "Stress development and relaxation in
copper films during thermal cycling", J. Mater. Res., Vol. 8, pp.l1845-1852, 1993.
[41] R-M. Keller, S. P. Baker, and E. Arzt, "Quantitative analysis of strengthening
mechanisms in thin Cu films: Effects of film thickness, grain size and passivation",
J. Mater. Res., Vol. 13, pp.1 3 0 7-13 17, 1998.
[42] S. C. Seel, Stress and structure evolution during Volmer-Weber growth of thin films,
Ph.D. Thesis, MIT, 2002.
[43] R. H. I)auskardt, M. Lane, Q. Ma and N. Krishna, "Adhesion and debonding of
multi-layer thin film structures", Eng. Fract. Mech., Vol. 61, pp. 141-162, 1998.
[44] Q. Ma, H. Fujimoto, P. Flinn, V. Jain, F. Adibi-Rizi, F. Moghadam and R. H.
Dauskardt, "Quantitative measurement of interface fracture energy in multi-layer
thin film structures", in Materials Reliability in Microelectronics V, (Mat. Res. Soc.
Symp. Proc., Vol. 391, 1995), pp. 91-96.
[45] Z. Suo and J.W. Hutchinson, "Sandwich test specimens for measuring interface
crack toughness", Mat. Sci. Eng., Vol. A107, pp.135-143, 1989.
[46] A. A. Volinsky, N. R. Moody and W. W. Gerberich, "Interfacial toughness
measurements for thin films on substrates", Acta Mater., Vol. 50, pp.4 4 1-466, 2002.
[47] P. G. Charalambides, J. Lund, A. G. Evans and R. M. McMeeking, "A test specimen
for determining the fracture resistance of bimaterial interfaces", J. Appl. Mech.,
Vol. 56(1), pp. 77-82, 1989.
[48] K. T. Turner, A. A. Ayon, D. Choi, B. Miller and S. M. Spearing, "Characterization
of silicon bonds using a four-point bend specimen", in Materials Science of MEMS
Devices III, (Mat. Res. Soc. Symp. Proc., Vol. 657, 2000), pp. EE6.3.1-EE6.3.6.
[49] T. L. Anderson, Fracture Mechanics: Fundamentals and Applications, CRC Press,
1995.
[50] J.W. Hutchinson and Z. Suo, "Mixed mode cracking in layered materials", Adv.
Appl. Mech., Vol. 29, pp.63-191, 1992.
[51] K. T. Turner, An evaluation of critical issues for microhydraulic transducers:
silicon wafer bonding, strength of silicon on insulator membranes and gold-tin
solder bonding, S. M. Thesis, MIT, 2001.
80
[52] T.J. Balk, G. Dehm, and E. Arzt, "A New Type of Dislocation Mechanisms in
Ultrathin Copper Films", in Thin Films - Stresses and Mechanical Properties IX,
(Mat. Res. Soc. Symp. Proc., Vol. 695, 2001), pp. L2.7.1-L2.7.6.
[53] G. Dehm, T.J. Balk, H. Edongud and E. Arzt, "Small-scale plasticity in thin Cu and
Al films", Microelectronic Engineering, Vol. 70, pp. 412-424, 2003.
[54] S. J. Howard, A. J. Phillipps and T. W. Clyne, "The interpretation of data from the
four-point bend delamination test to measure interfacial fracture toughness",
Composites, Vol. 24(2), pp. 1 0 3 -1 12, 1993.
[55] N. W. Klingbeil, and J. L. Beuth , "Interfacial fracture testing of deposited metal
layers under four-point bending", Eng. Fract. Mech., Vol. 56(1), pp.1 13-126, 1997.
[56] I. E. Reimanis, B. J. Dalgleish, M. Brahy, M. Ruhle and A. G. Evans, "Effects of
plasticity on the crack propagation resistance of a metal/ceramic interface", Acta
Metall. Mater., Vol. 38(12), pp.2645-2652, 1990.
[57] M. Lane, R. H. Dauskardt, A. Vainchtein and H. Gao, "Plasticity contributions to
interface adhesion in thin-film interconnect structures", J. Mater. Res., Vol. 15(12),
pp.2 75 8-2769, 2000.
81
